Aryl substituted dipyrromethanes [di(pyrrol-2-yl)-phenyl-methanes] with hydrogen acceptor substituents R in para position of the aryl ring [R = CO 2 Me, CO 2 H, CONH(iPr) and NH 2 ] located 7Å apart from the hydrogen donor pyrrole nitrogen atom are shown to self-assemble in the solid state via hydrogen bonds to form rings or chains.
Introduction
Dipyrromethane derivatives are useful starting materials for the preparation of porphyrines [1] and coordination compounds [2, 3] . However, the use of (substituted phenyl)dipyrromethanes (Scheme 1) as building blocks (synthons [4] ) in supramolecular chemistry and crystal engineering has not yet been explored. Indeed there have been only few structural reports on (substituted phenyl)dipyrromethanes: the parent compound with R = H [5] , mesityl dipyrromethane [5] , a bis(dipyrromethane) [6] and (nitrophenyl)dipyrromethane (R = NO 2 ) [7] . Only in the latter case the substitutent R is involved in hydrogen bonding to one of the acidic pyrrole hydrogen atoms while in some other cases weak N-H ··· π(pyrrole) interactions have been found in the solid state [6, 8] .
We report herein the crystal structures of four (substituted phenyl)dipyrromethanes with potential hydrogen acceptor groups R = CO 2 Me (1), CO 2 H (2), CONH(iPr) (3), NH 2 (4) in para position of the phenyl ring (Scheme 1).
Results and Discussion
Dipyrromethanes 1, 2 and 4 were prepared from the corresponding aromatic aldehyde and pyrrole in the presence of trifluoroacetic acid according to literature procedures [5] , the amide 3 was formed by reaction of the acid 2 with iPrNH 2 .
In the crystal structures of 1 -4 ( Fig. 1 ) the pyrrole hydrogen atom at N1 is identified to be involved in hy-0932-0776 / 05 / 0700-0758 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Scheme 1. Fig. 1 . View of the molecular structures of 1 -4 along the aliphatic C8-H bond as found in the crystal lattice, numbering of relevant atoms and intramolecular distances of the hydrogen donor and acceptor atoms. drogen bonds to the para substituent of a neighbouring molecule to form dimers (1 -3) or helical chains (4) ( Table 1 , Fig. 2 ) [9] . The number of atoms separating the hydrogen donor and acceptor sites is seven atoms for 1-3 and six atoms for 4 ( Fig. 1 and 2 ). The intramolecular distance of the hydrogen atom donor and acceptor atoms amounts to 7Å which is among the largest found in supramolecular synthons for hydrogen bonding motifs [10, 11] (cf. the donor acceptor distance in the common carboxylic acids or amides amounts to only 2.2 -2.3Å). The large intramolecular distances between donor and acceptor sites and the angles N1-C8-A of 92 -102 • (A = O1, N3) allow for the formation of small ellipsoid channels of approximately 8 -10Å×3.7Å (atom-to-atom distance) running through the crystals along the short a-axis (1: 5.65; 2: 5.87; 3: 5.66; 4: 6.18Å). Scheme 2 schematically depicts the hydrogen bonding motifs observed for 1 -4 in the crystal lattice: dimeric ring motifs with graph set R 2 2 (20) [12] for 1 -3 and a catena motif of graph set C(9) [12] for 4 [meso-(4-nitrophenyl)dipyrromethane [7] forms a chain of graph set C(10)]. The largest ring motif A [R 2 2 (20)] with a very high probability of formation according to a statistical analysis [11] is also shown for comparison. The probability of ring or catena formation of acceptor substituted dipyrromethanes is at present difficult to estimate due to the lack of sufficient crystal data. However, from the available data it appears that the motifs formed by 1 -4 can successfully compete with carScheme 2. boxylic acid dimer formation and amide dimerisation. Even the water molecule present in the crystal lattice of 2 does not disturb the dimer formation but instead links the dimers by OH ··· OH ··· 2 O hydrogen bonds to form a double strand [9] .
In contrast to typical synthons (e.g. A or carboxylic acids) the dipyrromethanes 1 -4 are flexible and thus non-preorganised for self-assembly. In order to gain some insight into the flexibility of dipyrromethanes the gas phase minimum geometry of the parent unsubstituted dipyrromethane was determined by means of DFT calculations (B3LYP, 6-31G+(d,p) basis set). The largest conformational difference between the calculated gas phase geometry and the solid state structures involves the hydrogen bonded pyrrole ring. The torsional angle C4-C8-C9-N1 differs by 124 -159
• while the orientation of the second pyrrole ring (C4-C8-C13-N2) differs by only 9 -39 • ( Table 1, Fig. 2 ). Thus the rather flexible orientation of the pyrrole rings has to be adjusted for self-assembly. However, the energy required for ring rotation is small and can easily be compensated for by the formation of hydrogen bonds. One hydrogen bond suffices to force two dipyrromethanes into the correct conformation according to DFT calculations (B3LYP, 3-21G * basis set) of (1) 2 in a singlebonded arrangement and (1) 2 in the experimentally determined and DFT optimised double-bonded ring structure (Fig. 3) . Thus suitably substituted (substituted phenyl)dipyrromethanes are useful synthons for the construction of hydrogen-bonded supramolecular systems -in spite of the facts that donor and acceptor sites are 7Å apart and that their relative orientation is quite flexible.
Experimental Section
Unless noted otherwise, all manipulations were carried out under argon by means of standard Schlenk techniques. All solvents were dried by standard methods and distilled under argon prior to use. All other reagents were used as received from commercial sources. -IR spectra were recorded on a BioRad Excalibur FTS 3000 spectrometer using CsI disks. -Mass spectra were recorded on a Finnigan MAT 8400 spectrometer. -Elemental analyses were performed by the microanalytical laboratory of the Organic Chemistry Department, University of Heidelberg.
Computational method
Density functional calculations were carried out with the Gaussian03/DFT [13] series of programs. The B3LYP formulation of density functional theory was used employing the 6-31G+(d,p) and 3-21G * basis sets, respectively [13] . Harmonic vibrational frequencies and infrared intensities were calculated by numerical second derivatives using analytically calculated first derivatives.
Crystallographic structure determinations
The measurements were carried out on an Enraf-Nonius Kappa CCD diffractometer using graphite monochromated Mo-K α radiation. The data were processed using the standard Nonius software [14] . All calculations were performed using the SHELXT PLUS software package. Structures were solved using direct or Patterson methods with the SHELXS-97 program and refined with the SHELXL-97 program [15] . Graphical handling of the structural data during refinement was performed using XMPA [16] and WinRay [17] . Atomic coordinates and anisotropic thermal parameters of the nonhydrogen atoms were refined by full-matrix least-squares calculations.
Crystallographic data for the structures have been deposited with Cambridge Crystallographic Data Centre, CCDC-258022 -CCDC-258025. Copies of the data can be obtained free of charge on application to the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK Table 3 . Analytical data of 1, 2, 3 and 4 (atom numbering according to Scheme 1). 
Synthesis of 1, 2 and 4
Following the general procedure of Lindsey et al. [5] a mixture of pyrrole, the corresponding aldehyde and trifluoroacetic acid (50:1:0.004) was stirred at room temperature for 10 min. 0.1 M NaOH and ethyl acetate were added, and the layers were separated. The aqueous layer was acidified with diluted HCl and extracted again with ethyl acetate. The combined organic layers were washed with brine, dried over Na 2 SO 4 and concentrated to remove the excess pyrrole. Column chromatography [silica, CH 2 Cl 2 /ethyl acetate (3:1)], washing with water and recrystallisation from ethanol/water (10:1) afforded the pure dipyrromethanes in 95% (1), 75% (2 • H 2 O) and 50% (4) yield, respectively. The presence of one water molecule in 2 • H 2 O was confirmed by elemental analysis for C 16 
Synthesis of 3
The acid 2 was activated with 1-hydroxybenzotriazole (1 eq) in the presence of 1,3-dicyclohexylcarbodiimide (1 eq) for 12 h and treated with 1.1 equivalents of isopropylamine in CH 2 Cl 2 for 12 h at room temperature. After removal of the solvent and recrystallisation from ethanol/water (10:1) 3 was obtained in 90% yield.
Analytical data of 1 -4 are summarised in Table 3. 
